The response of the segmental dyskinesis of acutely ischemic myocardium to inotropic agents has not been well characterized. We studied this in detail in open-chest anesthetized dogs. Acute myocardial ischemia was produced by coronary ligation and confirmed by histologic studies. Ultrasound recordings obtained by direct reflection off the ischemic posterior wall revealed characteristic dyskinesis: aneurysmal bulging during isometric contraction and markedly reduced mean posterior wall velocity (PWVm), and excursion during ventricular ejection. Isoproterenol (I), norepinephrine (N), ouabain (0), glucagon (G), and propranolol (P) were then administered intravenously in graded doses. The response to these agents consisted of two discordant elements. There was a significant (P < 0.01) increase in aneurysmal bulging during isometric contraction with isoproterenol (5 + 0 to 6 ± 0 mm) and ouabain (4 ± 0 to 5 ± 0 mm). However, during the ventricular ejection phase PWVm increased with isoproterenol (12 + 1 to 26 ± 2 mm/sec), glucagon (12 2 to 22 ± 2 mm/sec), norepinephrine (12 i 1 to 17 ± 1 mm/sec), and ouabain (8 ± 1 to 12 2 mm/sec). Simultaneous hemodynamic measurements showed the drugs elevated cardiac output (G > I > 0) and left ventricular dp/dt (I > G > N).
Segmental motion abnormality Posterior wall velocity
Echocardiography A CUTE MYOCARDIAL ISCHEMIA results in localized dyskinesis of the ventricular wall.1' 2 Evaluations of the effects of pharmacologic interventions in myocardial ischemia generally have been concerned with changes in over-all ventricular perfor-mance3, 4and infarct size.5 The effects of such interventions on the abnormalities of segmental motion of acutely ischemic myocardium have been assessed by use of strain gauges6 ' or radiographic markers, 8 but these studies have disagreed as to whether localized ischemic wall motion is improved or worsened in response to drugs which increase myocardial contractility. The purpose of this study was to assess the response of the dyskinesis of ischemic ventricular myocardium to inotropic agents using an ultrasound technique in an experimental canine model.
Methods
Fifty adult mongrel dogs weighing 15 to 25 kg were anesthetized with sodium pentobarbital, 25 mg/kg i. v. Ventilation was maintained with a Harvard Respirator via a cuffed endotracheal tube. Periodic hyperinflation was performed to prevent atelectasis. The heart was exposed via a midsternal thoracotomy and lifted slightly in a pericardial sling. Aortic and left ventricular pressures were recorded via #8 French polyurethane catheters attached to Statham P 23 db strain gauges. Left ventricular dp/dt was determined from the left ventricular pressure trace by means of an RC differentiating circuit; the catheters were flushed with 5 cc of heparinized saline before each recording. Cardiac output (minus coronary blood flow) was determined by means of a Carolina electromagnetic flow probe placed around the ascending aorta. Recordings were made utilizing either an Electronics for Medicine DR-12 multichannel photographic recorder, which was modified to display the ultrasound as Circ1t3lrtioui, Voltme XLIX, June 1974 1038 well as analog pressure and ECG signals, or a Beckman polygraphlic recorder plus polaroid photography to record the tultrasound signals from the oscilloscope screen.
A commercially available ultrasound device (Smith-Kline Ekoline 20) was used to obtain echocardiograms of the interventricullar septum (IVS) and left ventricular posterior wall (LVPW). The method employed has been described in a previous communication from this laboratory.9 Briefly, the uiltrasotund transducer was placed lightly on the exposed anterior surface of the heart, directed to record the characteristic signal from the LVPW, and fixed in place by a stationary arm. Verification of the echo identifications was achieved bv rapid injection of 5 cc of normal saline solutioni through the left ventricular catheter; this maneuver procluces turbulence from which the ultrasound beam reflects, and a 'cloud' of echoes outlines the endocardialbloocd interfaces bordering the ventricular cavity.'0 Following control hemodynamic and echocardiographic measurements, acute ischemia of the true posterior wall was prodtced by ligation of the posterior descending coronarv arterv and other posterior branches of the circumflex coronary artery. This was done so that the ultrasound beam strLuck the center of the ischemic area; this was verified at the coniclusionl of the experiment by passing a metal probe throutgh the heart alongside the ultrasound transducer and observing its intersection with the ventricular mvocardium. Posterior xa ll ultrasound echoes thus were receivecl from and displaved the motion of ischemic myocardium.
The animals xvere allo)ved to stabilize for 15 min following coronary ligation. Twenty clogs then received isoproterenol (1, 2, and 4 gg/min); each dose \vas administered for 5 mim, and hemodynamic and ultrasound recordings vere made dLuring the last minute of each infLusior period. There was nio pauise between the different doses of isoproterei-iol. After isoproterenol infusion the dogs were allowed to recover for 10 min during which time the ultrasound tracing and hemodynamic measurements returned to the control state. The same 20 dogs then received norepinephrine (1, 2, anid 4 gg/min) and recordings were made in a similar fashiorn. A second group of five dogs received two doses of glucagon (0.1 and 0.2 mg/min); each dose was administered for 5 min. A third group (12 dogs) received ouabairn, 0.15 rng, intravetnouisly and a fourth group (five dogs) received propranolol 2 mg intravenouslv. In both grouips recordings were made 20 min after drug administration. In order to ensu.re that observed ultrasound changes were not simplv due to drug-induced tachycardia, right atrial pacing at different levels was performed in these dogs )efore drtugs were administered, and recordings made.
Fiially, in a fifth group (six clogs), in order to evaluate the changes in druig response produced by prolonged ischemia, the effects of isoproterenol irnfuision were recorded before isehemia andl repeated 15 min and 4 hr after coronary ligatiol.
The echocardiographic registration of the posterior left venitricuilar wall motion was measured according to the conventions introduced by Kraunz and Kennedy`1 (fig. 1 ). Point B, the posterior wall position at end-diastole, is approximatelv simultaneous with the R wave of the ECG. Durinig isometric conitraction the wall moves posteriorly from B to C. 'fhe anterior motion from C to D is coincident with ventriculilar ejection, while the motion from D to E reflects isometric relaxation. The mean posterior wall velocitv (PWVmi) wvas obtained by calculating the slope of the line drawn from the onset (C) to the end (D) of ventricular ejec-(cirnlation, olunni, X ,4 i' Jun , 197 tion, in mm/sec. No attempt was made to derive maximal wall velocitv because of difficulty in accurately measuring this parameter oxving to the presence of instantaneously changing wall velocity duiring systole, especiallv as the drugs wvere infused ( fig. 1 ). Posterior wall excutrsion (PWE) was obtained by measuiring the amplitude of posterior wall motion as the vertical distance from C to D, in millimeters.
Statistical analysis of the ultrasound and hemodvnamic dlata was performed bv uise of Sttudent's paired t test, comparing data obtained after coronarv ligation, but before drtugs, vith data obtained dturing administration of the dlrtugs, or in the fifth group of dogs, comparing equivalent elruig responses 15 min and 4 hr after ligation.
1listological studies were performed in eight additional animals. After exposure of the heart and coronary artery ligation, a core of myocardiuim measuring approximately I cm2 was taken from the center of the visibly cyanotic and bulging area stupplied by the ligated vessel. This core was removecl immediately after the animal was killed, which was clonet at 1;5 min (twvo dogs), 3s min (two clogs) or one hour (tw%o clogs) after coronary ligation. In two other animals wvhich served as controls cores of tisisues were removed 1 hr after thoracotomv but rno ligation. The tissue sections were stainied by a standard hematoxylini-eosin stain, and also by a hematoxvliri-basic fuchsin-picric acid stain as described by Lie et necrotic myocardium, probably due to the presence of an unstable protein complex in the acutely ischemic myocardium. Ischemic myocardium exposed to basic fuchsin is not decolorized by picric acid-acetone, and retains the crimson color of the fuchsin. In contrast normal myocardium is decolorized by picric acid-acetone and the result is a uniform light brown stain.12 The time of exposure to the picric acid-acetone solution is critical, and we found that the decolorization time which gave the greatest degree of discrimination between control and ischemic myocardium was 17 seconds.
Results
Changes in hemodynamic and echocardiographic parameters produced by acute ischemia alone are seen in figure 1 ; these were similar to those reported on in detail in a previous study from this laboratory.9 In the phase of isometric contraction, coronary ligation caused a marked increase (3 ± 0 to 5 ± 0 mm, table 1) in the B-C amplitude (posterior displacement of the posterior heart wall) which reflected aneurysmal bulging of ischemic myocardium. Mean posterior wall velocity (PWVm) during ventricular ejection was strikingly reduced (24 + 2 to 12 ± 1 mm/sec, table 1) as was posterior wall excursion (PWE): 5 ± 0 to 2 ± 0 mm. An abrupt forward motion of the ischemic myocardium, which occurred from D to E, represented recoiling of the stretched and bulging myocardium as the interventricular pressure fell rapidly during isometric relaxation.
Isoproterenol
The echocardiographic recordings show aneurysmal bulging during isometric contraction (B-C amplitude) increased significantly during the isoproterenol administration (5 ± 0 to 6 + 0 mm), while atrial pacing reduced this aneurysmal bulging (5 + 0 to 4 ± 0 mm, table 1). Increases occurred in mean posterior wall velocity (PWVm) (12 ± 1 to 26 + 2 mm/sec) and excursion (PWE) (2 ± 0 to 3 ± 0 mm) ( fig. 2 ). Atrial Posterior wall velocity before and during isoproterenol and norepinephrine infusions. pacing produced significant but small increases in PWVm (12 ± 1 to 15 ± 2 mm/sec). Isoproterenol produced significant increases in heart rate, left ventricular dp/dt and cardiac output. Aortic diastolic pressure decreased, but aortic systolic pressure did not change.
Norepinephrine
No changes in B-C amplitude occurred (table 1) . Increases in PWVm during norepinephrine were small, but significant (12 ± 1 to 17 ± 1 mm/sec). Norepinephrine caused significant rises in aortic systolic and diastolic pressures and left ventricular dp/dt.
Glucagon
Glucagon produced a significant increase in PWVm (12 ± 2 to 22 ± 2 mm/sec) which was not matched by atrial pacing at an equivalent heart rate of 200 beats/min (12 ± 2 to 16 ± 3 mm/sec, table 2). Changes in PWE and B-C amplitude were not significant. Significant increases were produced in heart rate, left ventricular dp/dt and cardiac output, while aortic systolic and diastolic pressures fell.
Ouabain
An increase in B-C amplitude (4 ± 0 to 5 ± 0 mm) and a small increase in PWVm (8 ± 1 to 12 ± 2 mm/sec) occurred (table 2) . Hemodynamic changes were insignificant after ouabain administration.
Propranolol
Declines in PWVm, PWE and B-C amplitude occurred but were not significant (table 2 ). Anticipated, significant falls occurred in heart rate, aortic systolic and diastolic pressure and left ventricular dp/dt after propranolol. The left ventricular enddiastolic pressure also showed a small but significant decline, possibly due to the fall in myocardial oxygen requirements produced by the declines in heart rate and systolic blood pressure.
Effects of Prolonged Ischemia
Isoproterenol produced marked increases of PWVm in the absence of ischemia (28 ± 4 to 79 ± 21 mm/sec) (table 3) . These were reduced after 15 min of ischemia (8 ± 3 to 28 ± 4 mm/sec) ( fig. 3 ). When repeated 4 hr later the response of PWVm to isoproterenol was further reduced (10 ± 2 to 24 ± 4 mm/sec), but the differences in response, comparing 15 min and 4 hr of ischemia, were not statistically significant. The response of PWE to isoproterenol 15 min and 4 hr after ischemia paralleled that of PWV. After 4 hr of ischemia B-C amplitude was 4 ± 1 mm, as opposed to 5 ± 1 mm after only 15 min of ischemia, and it no longer increased in response to isoproterenol Circulatioln, Voltume XLIX, June 1974 infusion (fig. 4 ). The hemodynamic responses to isoproterenol infusion at 15 min and 4 hr after ischemia were similar.
Histological Studies
Hematoxylin-eosin stained sections taken from areas supplied by both ligated and unligated coronary arteries appeared entirely normal and showed no identifiable necrosis or infiltration. Sections taken from areas supplied by unligated coronary arteries and stained by the hematoxylin-basic fuchsin-picric Figure 3 Posterior wall velocity response to isoproterenol infusion and 15 min and 4 hr after ischemia. before acid method'2 were a light brown color with no areas of crimson staining ( fig. 5 ). In contrast, sections taken from areas supplied by ligated coronary arteries showed patchy deep crimson staining, indicating ischemia (figs. 6, 7). These were interspersed with areas of unstained, apparently nonischemic tissue.
Discussion
This study suggests that the response to the motion of acutely ischemic myocardium to inotropic agents cannot be characterized simply as "improved" or " worsened," but in fact consists of two discordant Ouabain (12 dogs) Propranolol ( elements which must be analyzed separately. The initial element, the posterior movement of the posterior ventricular wall during isometric contraction, is present to a small degree in normal myocardium due to the assumption of a more spherical ventricular shape during isometric contraction."1 This was increased markedly by acute ischemia (aneurysmal bulging)9 and showed significant further increases during isoproterenol and ouabain administration. On the other hand, the second element, wall velocity and excursion during systolic ejection showed significant increases with isoproterenol, glucagon, and to a lesser degree, with norepinephrine. The net effect of the inotropic stimulus on the acutely ischemic segment of myocardium and the contribution of the ischemic segment to over-all ventricular performance will depend on the balance between these two discordant components. Those agents which most improved PWVm and PWE (isoproterenol, glucagon) also produced significant increases in cardiac output, but the surrounding nonischemic myocardium was obviously also responding to these agents with improved contractility. Previous studies of the effects of pharmacologic interventions upon the segmental abnormalities in wall motion during myocardial ischemia have yielded contradictory results. Hood et al.,' using epicardial strain gauges in an experimental canine or porcine model, found that isoproterenol or calcium chloride caused temporary restoration of contractile behavior and dis-Circulation, Volume XLIX, June 1974 appearance of aneurysmal bulging in early systole. But, Puri and Bing,7 using a similar preparation, suggested that norepinephrine, metaraminol, and isoproterenol caused an increase in the amplitude of paradoxic systolic expansion; they did not distinguish between the systolic phases of isometric contraction and ventricular ejection. Heikkila et al.,8 using radiographic techniques to register motion of "harpoon-like" metal markers inserted through the myocardium of pigs, concluded that the abnormal motion of the infarcted area remained unaltered by isoproterenol infusion despite the increased vigor of contraction of nonischemic wall. These studies have provided useful information, but the methods used have potential disadvantages. Strain gauges measure primarily epicardial motion and may not accurately reflect changes in endocardial motion owing to changes in wall thickness during the cardiac cycle.8 Instruments using prongs7 and "harpoon-like" devices8 produce local tissue edema and may restrict and alter the very motion under study. The ultrasound technique employed in this study avoids some of these problems by registering motion of the endocardialblood interface and does not interfere with myocardial motion.
It should be noted that changes in wall motion are the result of numerous influences, including alterations in myocardial contractility, preload, and afterload. No attempt was made to control the latter two variables in this study, and therefore conclusions KERBER ET IA as to dlrtug-indiulced changes in contractilitx hased on ,all motioni mLust of necessitx be inferential only.
The improxed wall velocitx seen following pharmacologic stimtulation suggests that an area of mvocardiurm acutely deprived of its blood supply remaiins capable of responding to inotropic agents xith improxed Nx-all motion during the phase of x entrictular ejection..6 13. 14 Improvement in PXXr\ seen xx ith isoproterenol and glucagon cannot be attributed to increase( heart rate alone since eqtuix alent tachycardia produced by atrial pacing in the same animals did niot result in comparable improxement in xxall motion. Increased xelocity of xall motion in surrounding nonischemic my ocardium during the drug infuisioni might carry the central ischemic area forx ard passixely thtus contributing to the improxvement in motiotn of the area suipplied by the ligated xessel. Volimic XLIX, 11112r 1.97-4 elevated oxygen requirements resulting from druginduced increases in wall velocity during ejection.5 Thus, although ischemic myocardium retains the capacity to respond to pharmacologic stimulation for at least the first few hours following the onset of acute ischemia, the resultant changes in motion of the ischemic area are achieved only by increasing local oxygen demands, and ultimately this tends to increase infarct size.5
